Physical characterization is one of the most broad and important categories of techniques to apply in a nuclear forensic examination. Physical characterization techniques vary from simple weighing and dimensional measurements to complex sample preparation and scanning electron microscopy-electron backscatter diffraction analysis. This paper reports on the physical characterization conducted by several international laboratories participating in the fourth Collaborative Materials Exercise, organized by the Nuclear Forensics International Technical Working Group. Methods include a range of physical measurements, microscopy-based observations, and profilometry. The value of these results for addressing key investigative questions concerning two uranium dioxide pellets and a uranium dioxide powder is discussed.
Introduction
In a nuclear forensic examination, data from a variety of analytical techniques are compiled to draw technical conclusions constraining the provenance and history of nuclear material found out of regulatory control. The Collaborative Materials Exercise 4 (CMX-4) coordinated by the Nuclear Forensics International Technical Working Group (ITWG) presented a scenario to participating laboratories involving three samples found out of regulatory control. The samples were a uranium oxide powder sample (identified as ES-1) and two uranium dioxide pellets (ES-2 and ES-3). Participating laboratories were asked to determine if the three samples were related to each other (details of the exercise scenario are provided by Schwantes et al. [1] ). Each of 16 participating laboratories were given a codename. The five participating laboratories contributing to this paper were Da Vinci, Manet, Monet, Pollock, and Rembrandt. These code names are used throughout the paper.
Physical characterization of samples undergoing nuclear forensic examination can provide data identifying unique signatures that can aid with the attribution of nuclear materials. Physical characterization techniques can be applied to both bulk and trace amounts of materials, and will often provide the basis for further decisions regarding sample aliquoting and later, destructive characterization of the samples. This paper will focus on bulk analytical techniques. The following techniques are often applied during the physical characterization of a nuclear forensic sample [2] :
• Mass, dimensional, and density determination.
• Optical microscopy and scanning electron microscopy (SEM).
• Profilometry. This paper describes these physical characterization techniques applied in CMX-4 by the contributing laboratories to address the questions posed in the exercise. Although significantly important in nuclear forensics physical characterization, transmission electron microscopy (TEM) results were not reported by the laboratories contributing to this paper, and are not described here. X-ray diffraction (XRD) is also widely considered to be an integral part of the physical characterization process [2] ; however, the application of XRD during CMX-4 will be discussed in a separate paper. The nuclear forensic signatures identified in the powder and pellet samples using physical characterization techniques are presented and discussed. Finally, the authors consider which signatures were most effective in informing the investigative questions.
The CMX-4 samples and initial analytical planning
Three CMX-4 samples were received into each of the participating analytical laboratories, provided with unique identifiers, and characterized for basic radioactivity properties to aid with health and safety concerns and to confirm the primary radioactive constituents as declared in the shipment paperwork. Initial visual observations identified the samples as one dark gray powder (ES-1), and two solid, gray cylinders. The two cylinders were similar in shape and were similar to uranium dioxide (UO 2 ) fuel pellets, although the shape and dimensions were not immediately characteristic of those encountered in commercial fuel operations. Generally, such fuels reflect sintered UO 2 . The powder was similar in appearance to uranium oxides used in manufacture of these types of fuels. These initial observations were used to select physical characterization techniques that might provide the best signatures in these two areas of the fuel cycle.
Uranium dioxide fuel pellet manufacture and process markers
Uranium dioxide nuclear fuel is primarily in the form of high-density, sintered pellets. In the pellet production process, an organic binder or lubricant is added to a wellcharacterized, ground powder of uranium dioxide, forming a free-flowing powder, which can then be sieved to a specific granular size range. The powder is then compacted into what is commonly referred to as a ''green'' pellet. Heat is used to remove the organic binder or lubricant (typically around 800°C), followed by heating at higher temperatures to sinter the pellet (typically 1500-1700°C) [3] [4] [5] . The pellet becomes a highly dense, uranium dioxide ceramic.
The sintering process generates pores in the pellet that range in size from 0.1 to 10 lm depending upon the fabrication conditions (such as sintering temperature, particle size in the original powder, compaction pressure). A specific grain size distribution in the final material is generally required as it affects the performance of the fuel. A large grain size is desirable for limiting the release of fission product gases from the matrix of the fuel following irradiation with neutrons in a reactor. Large grain sizes can be produced by increasing the sintering temperature to greater than 2000°C, using oxidizing atmospheres, adding dopants or by ''seeding'' using uranium dioxide seed crystals to recrystallize the grain growth [5] [6] [7] . Dopants such as titanium, niobium, aluminium silicates or aluminium distearate are often added at the mixing stage of the powder to promote grain growth. Neutron poisons such as erbium are also often added to prolong the life of the fuel. These additives and microstructural features are strong nuclear forensic signatures of the pellet processing history.
Physical characterization techniques
Mass, dimensional, and density determination In some nuclear forensic investigations the most rudimentary of characterization techniques, such as those providing mass, dimensions, and density determinations, can be the most important outputs from the nuclear forensic examination. These techniques are usually applied within the first 24 h of an examination, and additionally serve to guide planning for additional analyses, when warranted.
The mass of material is readily measured using a standard calibrated laboratory balance. Dimensional determination can be conducted using calibrated Vernier calipers or a micrometer. Optical imaging using calibrated rulers is also helpful. For more sensitive dimensional determination, a laser-based displacement gauge can be used to achieve better than 0.2 lm resolution. These sensitive techniques allow, for instance, the subtle changes in diameter along the length of a fuel pellet to be measured [8] .
Geometric dimensioning and tolerancing (GD&T) is a standardized system for specifying shapes in a manufacturing quality control context [9] . GD&T characterization of physically intact nuclear forensic samples can yield a set of signatures that may be used to constrain the range of possible sources. For example, in the case of unirradiated fuel pellets, characteristics such as length and diameter have been used to help trace fuel pellets to a specific reactor type and manufacturer [10] . Other GD&T parameters specified by manufacturers, such as perpendicularity and surface roughness (see Profilometry section), also provide potential nuclear forensic signatures.
Pellet dimensions can be used to calculate volume and then, by using volume and mass, a density can be calculated. Archimedes' method of measuring sample density by solution displacement is a common approach to density measurement. This method may not always be suitable for nuclear forensic samples, however, because of the potential to remove trace markers, contaminate, or chemically alter a sample.
A more precise method of density measurement without the need of liquid immersion is gas pycnometry. Gas pycnometry measures the volume of a solid sample whether it is porous or non-porous, monolithic, powdered, or otherwise comminuted. Through the principles of Boyle's law, gas is injected into a chamber containing the sample. The volume then measured by the gas pycnometer is the amount of three-dimensional space that is inaccessible to the injected gas. Typically helium is used for gas pycnometry because it is inert and has a small atomic size. For materials which are highly porous or have numerous cracks and fissures this density measurement can be a challenge [11] .
In the case of powdered samples, if the material is sufficiently fine, an approximate volume can be determined using a calibrated container. Bulk density of a powder is the ratio of the mass of an untapped powder sample to its volume including the contribution of the interparticulate void volume. Hence, the bulk density depends on both the density of powder particles and the spatial arrangement of particles in the powder bed. The tap density is an increased bulk density attained after mechanically tapping a container containing the powder sample [12] . Solution displacement is rarely used unless the reactivity of the sample to the solution is known in advance. Gas pycnometry, however, can provide non-interfering estimates of sample volume in powders without introducing significant contamination to the sample.
Light optical microscopy and scanning electron microscopy
The light optical microscope remains a powerful tool in forensic examinations for identifying trace evidence and process signatures. Forensic samples can be readily compared at both the macro-and microscale, and the degree of homogeneity and heterogeneity of the sample can be observed. While these types of measurements and observations can often be made prior to any alteration of the received samples, they are also often performed after aliquoting and exposing key features (for example, cutting and polishing of a surface or cross section). Basic optical characteristics such as color can also be determined using calibrated lighting and comparison with standardized color cards, or in more detail, through applications such as ultraviolet-visible (UV/Vis) and/or infrared (IR) spectroscopy, which can provide quantification of light absorbance as a function of wavelength.
In UO 2 pellets and similar types of materials, macroscale features may include identifiers from pellet pressing, machining or post-fabrication handling. Microscale markers, either on the pellet surface, or those visible after cross sectioning (and sometimes etching) of the solid sample can be observed using a variety of visible light illumination methods. Modes of illumination include bright field illumination to observe inclusions and process markers (cast, forged, rolled, sintered, pressed, etc.), dark field illumination to highlight grain boundaries and imperfections, polarized light to reveal different colors in some materials that reflect light differently, and differential interference contrast (DIC) to assist in observing the topography of a sample and strain lines in samples that have been polished.
Electron microscopes allow for the resolution of finer structures not visible by optical microscopy, and are often necessary to observe granular-scale features in samples such as uranium oxide powders. Like optical microscopy, SEM observations can provide useful clues on the processes that may have been employed in the material's production. One of the advantages of SEM compared with optical microscopy, is its improved depth-of-field imaging. This feature can greatly assist with characterization, particularly when larger, three-dimensional objects are the focus of study (such as in this exercise). As such, all laboratories chose to apply variations of SEM-based imaging to sample interrogation for this exercise.
Secondary electron imaging (SEI) is used to visualize fine detail on the surface of a sample; for example, surface topography, grain morphology, porosity, and inclusions. Back-scattered electron (BSE) imaging reveals atomic number contrast images showing differences in the average distribution of different elements and chemical phases in the sample. Electron backscatter diffraction (EBSD) can be used to examine the microstructure of crystalline materials. With EBSD grain size, shape, and distribution can be accurately determined. Calculations of grain sizes are also often performed through image processing of SEM-SEI and SEM-BSE images. Grain size distributions in all samples can be characteristic and provide an excellent basis for intercomparison of samples.
Scanning electron microscopy-energy dispersive spectrometry (SEM-EDS) provides semi-quantitative compositional analyses. While some EDS results are referenced here, spatial-compositional techniques are covered in detail in other papers.
Profilometry
Surface roughness is a useful indicator to identify whether a wet or dry grinding method has been used during fuel pellet fabrication [13] . There are two main categories of profilometers, contact and non-contact. A contact profilometer moves a stylus vertically into contact with a sample, and then moves laterally across the sample's surface over a given distance and force. The variation from the vertical stylus movement is measured as a function of position, typically measuring surface changes in the range of 10 nm to 1 mm. A non-contact profilometer, or optical profilometer, uses the wave properties of light to compare the optical path difference between a test surface and a reference surface.
Physical characterization methods used during CMX-4
Mass, dimensional, and density determination
The instrumentation and methods used for mass determination, dimensional determination and density determination are summarized in Table 1 .
Optical Microscopy
Examples of the instrumentation used by contributing laboratories for optical microscopy during CMX-4 are presented in Table 2 .
Rembrandt conducted initial optical microscopy imaging of intact samples using bright field illumination at 50 9 magnification to examine macro features of interest. Bright field, dark field, polarized light, and DIC illumination modes were then employed at higher magnification (200 9 , 500 9) to investigate inclusions and focus on processing markers such as cracks, striations, and scratches. The powder sample, ES-1, was cold-mounted in resin. The ES-2 and ES-3 samples were sectioned with a low-speed saw (Leco, VC-50) using a diamond wheel. Rembrandt reported that they chemically etched the cut surfaces of the pellets for about 10 min using a 1:1:1 mix of H 2 SO 4 : H 2 O 2 : H 2 O, and then re-imaged the samples under bright field, dark field, polarized light, and DIC illumination at 200 9 and 500 9 magnification.
Monet employed optical imagining to survey both the pellet and powdered samples. The powdered sample was examined by optical microscope to determine the uniformity of the powder and to provide a preliminary, qualitative survey of the grain morphology and size distribution. In the case of the pellet samples, the surface characteristics and key differences between the two pellets were assessed, including differentiation between what appeared to be characteristic manufacturing features and those that were likely the result of later handling.
Scanning electron microscopy
Samples were prepared for SEM in different ways by the participating laboratories. A few laboratories encountered local restrictions on the use of radioactive materials in their physical characterization instrumentation. To minimize the contamination risk and satisfy local safety requirements, in these cases the samples were resin-bound prior to characterization.
Da Vinci crushed each pellet within a glove bag after initial analysis. A portion of the powders from each sample (ES-1, ES-2, and ES-3) was then sub-sampled onto low Monet placed a small sub-sample of ES-1 directly onto carbon tape for SEM imaging. Monet also placed ES-2 and ES-3 in the SEM as received, using only a small amount of carbon tape for support, and imaged the samples directly by SEM. Later, millimeter-sized pieces of ES-2 and ES-3 were isolated from the main sample during aliquoting (done by physical fracturing of protected surfaces) into epoxy resin in metal holders. These fragments were then polished flat using diamond polymer substrates to provide exposure of the interior pellet features, and the fragments were imaged again by SEM with no coating applied.
Rembrandt sectioned the pellets (ES-2 and ES-3) using a low-speed saw (Leco, VC-50) with a diamond wheel. Sections of the pellets, and a quantity of the powder sample ES-1, were mounted in epoxy resin and polished to a 1 lm diamond finish, with a final polish using colloidal silica. Approximately 1.5 nm of platinum metal was evaporated onto the surface under vacuum to prevent charging and to improve the quality of the imaging.
Details of the SEM instrumentation and software used by contributing laboratories are given in Table 3 .
Profilometry
Monet was the only laboratory to provide information on the analysis of the pellet samples by profilometry, in this case optical profilometry. The measurements were performed using a ZeGage Profiler by ZeMetrics (a Zygo Company) using a 5 9 optics, and data were analyzed with ZeMaps software (v.1.11). Bases of the pellets were analyzed by manually leveling near the center of the face to be analyzed within the profilometer. The data for maps taken on the side of the pellet had a cylindrical background, which was subtracted so that the surface texture could be observed. Because the samples were dark in color and the profilometer relies on reflected light interference, there were pixels within the map that did not have any data. These gaps were smoothed within the ZeMaps software by interpolation of surrounding pixels. For the purpose of these samples interpolation was limited to single pixel holes.
Results and discussion

Mass, dimensions, and density
The mass and physical dimensions of the samples received by contributing laboratories are presented in Table 4 . The pellets were observed to be right circular cylinders, with no dishing or chamfering features. While each laboratory found that the mass, length, and diameter of the two pellet samples they received were similar, the results for each set of pellets did not agree within the stated uncertainties (here, k = 1; see Table 4 ). Some laboratories measured the diameter of the pellets at only one point. Manet measured the diameter at the top, middle, and bottom of the pellet, and measured the pellet length at two different circumferential angles (908 from each other). Monet measured the diameter at the top and bottom (assigned arbitrarily) of the pellet at two different angles (about 90°C from the first measurement). They reported two measurements of pellet diameter for each pellet: ES-2 was 9.09 ± 0.003 mm at one end and 9.12 ± 0.003 mm at the other; ES-3 was 9.18 ± 0.003 mm at one end and 9.13 ± 0.003 mm at the other. In this case, conducting diameter measurements at various points along the length of the pellet revealed that the pellet was not uniform in diameter. Various processing conditions can lead to macro-scale markers such as ''hourglassing,'' tapered edging, and swelling of the pellet, which can be useful as signatures. More specialized tools such as a laser displacement gauge or a jig with a height gauge can be used to better constrain perpendicularity.
The measured densities of ES-2 and ES-3, and the percent of the theoretical density of UO 2 (10.96 g cm -3 ) are given in Table 5 . Monet and Manet found that the two pellets had the same density within uncertainties, while Rembrandt found the densities of the two pellets to be slightly different. This variation between the reported results may be attributed to the measurement techniques employed, as well as to heterogeneities between the sample set populations as the exact same specimen was not characterized by all laboratories. Where dimensional measurements were used to calculate a volume, the measurements may not have accounted for pellet chipping and other physical characteristics that a slightly deformed or damaged pellet may have after undergoing sintering.
Gas pycnometry or liquid displacement techniques achieve the best accuracy when measuring a materials' volume. None of the laboratories reported density information for the ES-1 powder.
Optical microscopy: Macrostructure
Optical microscopy of ES-1 revealed that it was a mixture of various particle sizes (see Fig. 1i ). The particles were mostly dark gray to black with some metallic sheen. There was no evidence of foreign materials within the powder reported by any laboratory. Larger fragments (up to 100 lm) tended to be angular and surrounded by very fine (micron and sub-micron-sized) grains. The grains, particularly the finer grains, tended to form clumps.
Optical images taken by Monet and Rembrandt of the ES-2 and ES-3 samples using bright field illumination show significant, heterogeneous chipping along the edge of both pellets (Fig. 1ii-xiii) . Monet and Rembrandt both identified red-colored scratches and patches on the pellet surfaces, which both laboratories suggest was oxidation. Heterogeneous surface oxidation can be seen as darker brown spots over the curved surface of both samples. ES-3 appeared to have a higher amount of oxidation (Fig. 1iv, v , viii, ix, xii, xiii). Monet observed that the largest chipped area on ES-3 showed a large extent of oxidation and speculated that this area might be older than the chipped area displaying a metallic sheen on the exposed interior (Fig. 1v) . Thus, it was suggested that some degree of chronology could be inferred regarding the acquisition of observed surface features.
Significant scratching on the top (arbitrarily assigned) surface of the ES-2 sample received by Rembrandt appeared predominantly uni-directional and in the center of the face (Fig. 1ii) . Rembrandt suggested that sample ES-2 had possibly undergone grinding or filing on this face to remove a ''nipple,'' which can form during the production of a UO 2 pellet. Rembrandt suggested the chipping and other scratching was most likely due to post-production handling of the pellets. Striations were visible on both ES-2 and ES-3 along the length of each pellet (Fig. 1iii, iv) . Geometric analysis was not undertaken to confirm whether these striations were in identical locations along the length of each pellet. These striations may be caused from the evacuation of the pellets from the container in which they were sintered. Monet reported that some marks extended the entire length of the cylinder, while others initiated at the top edge, then terminated before reaching the base edge. No laboratories reported finding any writing or other identifying markings on the pellet surfaces.
Optical microscopy: Microstructure
After chemical etching of the three mounted samples, the internal microstructure was observed by Rembrandt using optical microscopy. The observed grain sizes ranged from less than 1 lm to approximately 15 lm for each sample (Fig. 2) . Qualitatively, ES-1 and ES-3 appeared to have an overall larger grain size, whereas ES-2 had a greater frequency of smaller grains. The large scratches observed in ES-1 and ES-3 were artifacts of sample polishing prior to SEM imaging, and were not ascribed significance. No inclusions were observed within the samples under the various illumination modes and magnification.
SEM secondary electron imaging (SEI) of surface microstructure on as-received samples SEM characterization showed that the powder sample ES-1, as received, had particles that ranged from less than 1 lm to 1 mm in size. Da Vinci and Manet reported that they crushed the pellet samples ES-2 and ES-3 to compare them to ES-1. They found that the crushed pellets had similar angular and planar characteristics similar to the both larger and finer particles as those found in ES-1. This result suggested that ES-1 may have been formed from crushed, previously sintered materials (Fig. 3i, v, vi, x, xi) . At the higher magnifications, all of the samples showed a high amount of porosity, with pores that were approximately 0.5-1 lm in diameter and were angular in shape. Qualitatively, ES-1 showed less porosity visible on the outside of the intact powder particles than grains from crushed samples ES-2 or ES-3 ( Fig. 3iii, viii, xiii) . Pollock compared the surfaces of all samples, as received, by SEI (Fig. 4) . They found that ES-1 contained a range of particles from 100 s of lm down to sub-lm, and also reported that the porosity of ES-2 and ES-3 surfaces was of a similar order. Pollock found it difficult to observe granular patterns on the surface of ES-2 using their approach, but reported that the surface grains in the ES-3 sample preserved intragranular facies.
Monet observed the particles of the ES-1 powder sample at higher magnification using secondary (Fig. 5 ) and backscattered electron images (not shown). The images revealed the grain structure of the powder grains was a composite of smaller grains. Overlying nanoscale contaminant particles appeared to be similar composition debris, and in all cases, the powder grains were compositionally uranium-dominated oxide (analysis by SEM-EDS). The presence of angular, often square-shaped nanoscale pores both within (Fig. 5iv) and between ( Fig. 5ii) grains was observed. Close inspection of the grains revealed a layered growth pattern characteristic of plastic deformation, and jagged features caused by the dislocation arrays associated with low-angle tilt grain boundaries, or possibly from mechanical tool usage in sample preparation (Fig. 5iii, iv) .
Monet also investigated surface features of the larger particles in ES-1 with a focus on the oxidation and surface morphology. Secondary electron images of larger grains (Fig. 6i) oxidised surface (Fig. 6ii is a magnification of the area shown by the top white arrow in Fig. 6i ) as well as an area where a fresh surface has been exposed (Fig. 6iii, area shown by left arrow in Fig. 6i ). Semi-quantiative EDS analysis of both areas yielded compositions consistent with nearly pure uranium oxide, although the relative concentration of uranium in the freshly cut surface was higher by 5-10%, indicating that the freshly cut surface was less oxidized. Figure 6iii and 6iv show a ''wavy morphology'' on the oxidized grain surface. These types of patterns are characteristic of dislocations slipping in a process of plastic deformation, indicating the material may have been subjected to pressure at a high temperature ([ 1400°C) for a long time (referred to as ''creep'') [7] . Such features can also be the result of cleavage due to a repeated loading during formation or mechanical grinding (referred to as ''fatigue''), supporting the findings of Da Vinci and Manet. Figure 7 shows classic features and typical grain structure observed in the pellets, including triple junction grain boundaries and the presence of micropores [14] . Monet
ES-1
ES-2 ES-3 In image (i), the grain structure and porosity exposed where the surface transitions from chipped (left) to intact (right) is evident. Diamond-shaped nanopores occur within and between grains (ii). A typical ring pore structure is shown in image (iii). Image (iv) shows the presence of lower atomic-number surface contaminants and inclusions (Monet) reported observing some common features of sintered fuel pellets in samples ES-2 and ES-3. Both ES-2 and ES-3 showed rounded, sintered grain morphologies with common triple junction grain boundaries and nanopore structures. Nanopores are often diamond-shaped and can appear between or in the center of grains [15] . Grains show a layered growth pattern with evidence of lower-Z nano-inclusions. Samples were similar in composition across all surfaces, with about 70-76% U by weight (semi-quantitative SEM-EDS). Iron, nickel, and aluminium were the most common impurities observed for both samples. Monet reported that was no strong evidence of a coating on the sample surfaces, though such a coating can be difficult to detect by SEM methods alone. Da Vinci and Pollock reported discrete inclusions in ES-2, composed of aluminium, titanium, iron, and zinc identified by SEM-EDS. Aluminium and titanium are grain growth promoters commonly added to UO 2 powders prior to sintering. Zinc is also commonly added as zinc stearate as a powder binder or lubricant for fuel pellet manufacture [5] [6] [7] . Titanium and iron may have been introduced from the crushing or milling process.
SEM-SEI of internal microstructure
SEM images of the internal microstructure of the CMX-4 samples are shown in Fig. 8 . Rembrandt and Monet reported that while the microstructure of all three samples looked similar, ES-1 and ES-3 had a greater degree of porosity compared to ES-2. Furthermore, ES-1 and ES-3 appeared to show a greater number of adjoining pores, (''grape-like pore clusters'') compared to ES-2 (Fig. 8ii, iv,  vii) .
Porosity analysis
In polished sections, both random as well as ordered patterns of pores were observed by Monet within ES-2 (Fig. 9i, ii) and ES-3 (Fig. 9iii, iv) . At least three different void space structures, with nano-scale pores often forming linear and ring structures 100 s of microns in size were observed. In many cases, the nanopore features appear to have combined forming larger (10 s of micron) void spaces.
Several participating laboratories used SEM images to calculate the porosity of the samples. Rembrandt reported that the mean pore size of all three samples was similar to each other but the number of pores that were \ 0.5 lm 2 and the total porosity was significantly higher in ES-3 compared to ES-1 and ES-2 ( Table 6 , Fig. 10 ). Interestingly, Rembrandt reported that the total porosity within ES-1 and ES-3 was greater than ES-2, which disagreed with the findings of Da Vinci, Manet, and Pollock. These latter laboratories based their porosity results on surface analysis of the as received samples. Monet described the increased porosity within the internal structure of a pellet compared to the surface, but did not quantitate pore size distributions.
Grain analysis
Both SEM-SEI imaging and SEM-EBSD maps were used to characterize the grain size distributions of the samples. The laboratories applied different approaches to quantify the gain sizes or grain areas for the samples. Rembrandt investigated the grain parameters of the fuel pellets by characterization of the exposed internal structure, whereas Table 7 . Comparing grain area data, Rembrandt and Manet reported that ES-3 had a greater variation in grain area and a higher average grain area compared to ES-2; however, there was a high uncertainty associated with the results due to the limited number of grains sampled. Monet reported that ES-2 had a greater average grain size than ES-3 (Table 7) .
Manet was the only laboratory to quantify grain size by area within the ES-1 powder. Manet found that while the grain area distribution for all three samples was similar to each other (Fig. 11) , the average grain area for ES-1 was lower than ES-2 and ES-3. However, the laboratory noted that this finding may have been due to limited data available for analysis for ES-1; the analysis contained only 14 grains suitable on the surface of one of the larger ES-1 particulates.
Monet examined the particle size for the powder sample ES-1, and grain sizes for ES-2 and ES-3. A total of 16,679 grains were observed for ES-1 as large as 125 lm in mean diameter, and down to less than 0.5 microns in mean diameter, of which, 96.5% of particles were distributed in the range 0-20 lm. For ES-2 and ES-3, 9486 and 2269
ii iii iv i Fig. 9 SEM-SEI of ES-2 (i, ii) and ES-3 (ii-iv) of internal surfaces after polishing highlighting the macroscale and nanoscale pore structures observed (Monet) grains were counted, respectively, ranging from 0.5 to 17.5 lm in mean diameter (calculated as the equivalent circle diameter or ECD). Distributions are shown in Fig. 12 . Monet found that the particle size distribution of ES-1 was best compared to that of the grain of ES-3, although the full range of sizes observed in ES-1 was not observed in either of the other two samples. No effort was made by Monet to prepare and etch larger particles from this specimen (which, based on SEM imaging, clearly contained sub-grain domains). They reported that ES-2 showed a smaller number of grains that were less than 1 lm ECD (2.3%) compared to ES-3 (7.9%) and particle size in ES-1 (9.7%). Both ES-2 and ES-3 pellets had a similar frequency of grains within the 1-6 lm range (80.1 and 80.8%, respectively) whereas ES-1 showed only 62.4% of the total particles counted being within this range, the remaining about 30% of particles in ES-1 being [ 6 lm. Comparing ES-2 and ES-3, the slight differences in micron and submicron distributions may indicate significant process differences in respective powder processing routes, additives during the pellet manufacturing process, or sintering conditions (e.g., heating rates or pressure).
Crystal phase determination
Da Vinci employed SEM-EBSD to determine the crystal structure of ES-1, ES-2 and ES-3 as seen in Table 8 . They analysed ES-1 directly and fragments of the crushed pellets (ES-2 and ES-3). Within ES-1, Da Vinci conducted crystal phase analysis of small particles separately to the larger particles. Rembrandt used SEM-EDS to constrain uranium to oxygen ratios, and deduce the likely phases. These EDS analyses were conducted on samples that were resin-bound and polished, so results reflected the internal structure of each sample. The results from these two laboratories showed that all samples were composed of UO 2 , though Da Vinci identified important differences between the smaller (those less than * 5 lm 2 ) and larger particles (those greater than * 10 lm 2 ) of ES-1 and, additionally, identified trace phases of U 4 O 9 and U 3 O 8 in ES-2 and ES-3 respectively.
Profilometry
Surface roughness measurements may give some insight into the processing history and potential origins of fuel pellets. Monet measured the surface roughness of the flat ends and on the side of the pellets. Figure 13 shows a surface map and profile taken of the ''scratched'' face of ES-2 relative to ES-3. The measurements revealed that all surfaces of ES-2 appeared to be rougher than those of ES-3. This suggested that pellet ES-2 was processed (surface grinding of fabricated pellet) or stored differently than ES-3. The age of the pellets was different (ES-2 was two years older than ES-3 [1] ), so different storage conditions could be possible.
Conclusion
Morphological comparisons described here showed that the ES-2 and ES-3 fuel pellets were very similar in dimensions, mass, and structure, suggesting at least a similar processing history and possibly origination at the same facility. Clearly, the ES-2 sample had been aged or stored in conditions leading to greater wear and oxidation. The connection of the ES-1 sample to these pellets was best realized through imaging of the grain structure of ES-1, which showed it to be made up of angular, composite grains consistent with an origin from a previously sintered pellet material, rather than an original source product used in the making of sintered pellets. While ES-1 generally had more similar characteristics to pellet ES-3, the characterizations discussed in this paper alone could not confidently exclude a relationship with the ES-2 pellet. On completion of the exercise, the CMX-4 coordinators revealed that the ES-1 samples were originally ES-3 UO 2 pellets that had undergone crushing and subsequent oxidation in a tube furnace, converting the UO 2 pellet into a partially oxidized powder, and that ES-2 and ES-3 originated in the same process but at two different dates [1] .
All of the techniques explored in this paper-dimensional analysis, mass and density determination, SEM-SEI, SEM-BSE, SEM-EBSD and profilometry-resulted in useful and complementary information when determining whether the three samples were similar or dissimilar to each other. The examination of the samples' surface microstructure, in addition to the samples' internal microstructure showed important dissimilarities both within and between the samples, highlighting the importance of exploiting physical characterization signatures within as well as on the surface of fuel pellets and complex powders. Other spatially resolved isotopic techniques (such as SIMS, Nano-SIMS, and SEM-TIMS) can (and were) used on similar sample mounts such as those characterized here to provide additional information with respect to compositional and isotopic characteristics.
Comparing the physical characterization data provided by different contributing laboratories was sometimes difficult for some parameters due to inconsistencies between the laboratories with respect to data reporting formats. An example of this was the units used for grain analysis; some laboratories reported grain area while others reported mean grain size. Standardization of the physical characterization measurements required in a forensic examination and the appropriate reporting units can facilitate data interpretation-particularly important where the results need to be understood by non-scientists such as law enforcement personnel. Development of a physical characterization lexicon could be considered for inclusion as an ITWG guideline document.
Interpretation of the physical characterization data for this exercise clearly demonstrated the value of subject matter experts (SME). Having access to an SME enhances confidence in data interpretation, particularly if data generated by multiple analysts or multiple laboratories are combined. The use of a National Nuclear Forensics Library (NNFL), if designed correctly and fully resourced, could also be a valuable tool to allow comparison of measured materials characteristics found out of regulatory control with those of known materials.
